The methyl group of nicotine has been shown to participate in transmethylation reactions involving methionine (3) and choline (8). De novo synthesis of radioactive nicotine from nornicotine, methioninemethyl-C14 and ATP was demonstrated recently in leaves of Nicotiana alata (9) . In the present study the rate of metabolism of the methyl group of nicotinemethyl-C14 ancl the rate of transmethylation from methionine-methyl-Cl4 to nicotine were investigated in mature N. rustica plants. It has been suggested that metabolism of nicotine takes place in the roots of tobacco plants (8 The solution was brought to pH 7 with 6 AI NaOH before feeding to the plants. Each plant received 1 ml of the solution. Ring-labeled nicotine was obtained by feeding N. rustica plants propionate-2-C14, which results in nicotine labeled approximately equally in the pyridine and pyrrolidine rings with no significant methyl labeling (5). The nicotine-ring-C14 solution was then preparecl as (lescribed for nicotine-methyl-C"i. It contained 2 mg nicotine and 1.03 X 104 cpm/ml. Each plant again receive(d 1 ml of the isotopic solution.
Materials and Methods
Nicotiana ruistica L., var. humilis plants were grown in Vermiculite in a green house to a height of 15 to 25 cm. Roots were then remove(d to a length of roughly 1 cm and allowed to regenerate in an inorganic nutrient solution (1). During this period (usually about 2 weeks) any blossoms that appeared were removed. C14-labeledI compoundls were fed hydroponically to wvhole plants by a method which promotes rapid uptake by the plants (6) . Rootless plants were preparedi by diagonal excision of the roots 4 nodes above the cotyledons. Excision was done under water, an(l the plants were placedI immediately in solutions containing C14-labeled compounds and were thereafter treated as were the whole plants. Excised root tissue was air dried under a heat lamp and added to the dried aerial plant tissue obtained aftet ,he period of metabolism.
Methionine-methyl-C14 was obtained from New England Nuclear Corporation and contained 0.1 mc/ mg. Each plant was given 5 ,uc of C1" (1.09 X 107 cpm) in 1 ml of solution.
Nicotine-methyl-C14 was obtained by feeding N.
'Received 'March 13, 1964. ritstica plants methionine-methyl-C'4 ancl isolating nicotine as the dipicrate. The dipicrate was converted to the dihydrochloride by azeotropic distillation of the nicotine from alkaline solution into clilute HCl. The dihydrochloride was obtained by removal of water and excess HCl from the distillate. A volume of water was added to give a solution containing 2 mg of nicotine and 4.53 X 104 cpm ml.
The solution was brought to pH 7 with 6 AI NaOH before feeding to the plants. Each plant received 1 ml of the solution. Ring-labeled nicotine was obtained by feeding N. rustica plants propionate-2-C14, which results in nicotine labeled approximately equally in the pyridine and pyrrolidine rings with no significant methyl labeling (5). The nicotine-ring-C14 solution was then preparecl as (lescribed for nicotine-methyl-C"i. It contained 2 mg nicotine and 1.03 X 104 cpm/ml.
Each plant again receive(d 1 ml of the isotopic solution.
Plants (usually 2 plants per group) were allowed to metabolize the labeled compounds for periods from 6 hours to 9 days with illumiination for 16 hours a (lay. Short metabolism periods (6 and 12 hrs) were conducted under continuous illumination.
Following the clesignated tinme of metabolism plants were minced with scissors and dIried. The (Iry plant material was ground and steam distilled from aq solution made alkaline witlh CaO. The distillate was collected in dilute HCl. After removal of most of the water from the distillate the nicotine was further purified by azeotropic distillationi through a Widmer columin from a solution of NaOH. Distillate was again collected in (lilute HCl. After removal of water nicotine was precipitated and recrystallized as the dipicrate, m.p. 224 to 2260.
Determination of radioactivity in nicotine dipicrate was done after complete combustion (11) . The resulting BaCO , was assayed using a gas flow proportional instrument. Results were correcte(l for efficiency of the instrument and self absorption.
Results and Discussion Table I shows the extent of metabolism of the nmethyl group of nicotine when methionine-methyl-C14 or nicotine-methyl-C14 was fed to N. ruistica plants for periods from 6 hours to 9 days. In the case of labeled methionine feeding, the radioactivity in nicotine showed a rapid increase up to 2 formation of nicotine which has no established function in the plant.
The uptake of isotopic methionine by the plants was rapid, as evidenced by the fact that in 6 hours only 3.5 % of the administered C14 remained in the nutrient solution. This would tend to minimize metabolism of methionine by microorganisms.
The experiment in which metabolism periods of 6 to 48 hours were employed was done at a different time (late fall) than that using periods of 2 to 9 days (early fall). The amount of nicotine in the plants in late fall was from 1 to 2 % of the dry weight of the plants, whereas in early fall the amount of nicotine was only 0.4 to 0.6 % of the dry weight. This type of physiological variation has been reported for N. tabacum (7) . The Leete and Bell (8) to persist up to 7 weeks in N. tabacurn. They were able to recover only about 1 % of the activity fed in the case of N. tabacum whereas in N. rustica about 30 % was recoverable after the rate of methyl metabolism reached a constant level. This probably reflects species and age differences in the plants.
Apparently the attainment of equilibrium in the transmethylation reaction from methionine to nicotine takes place rapidly since there was no appreciable lag in the translocation of radioactive nicotine formed from methionine-methyl-C'4 over that of metabolized nicotine-methyl-C'4. These results indicate that the principal methylation and demethylation systems in N. rustica are located in the roots.
The effect on methyl group metabolism of removal of the plant root systems is recorded in table II. In these experiments those plants without roots were able to absorb the isotopic solutions through the cut stem in approximately the same length of time that was required for absorption through the roots (2-3 hr).
The data shown for zero days metabolism were obtained by addition of the labeled nicotine solution to dried plant material just before steam distillation. Recovery of C14 was within 10 % of theory in both cases.
When methyl-labeled nicotine was administered to rootless plants, there was a substantial reduction in methyl metabolism when compared to intact plants. However, there was 22 % loss of radioactivity from nicotine in 4 days in rootless plants. Assuming that the 56 % loss of C14 in whole plants was due in part to the 22 % loss by methyl metabolism in aerial parts of the plants, then 39 % of the total nicotine methyl metabolism takes place in the aerial parts of the plant.
In contrast, after ring-labeled nicotine feeding there was virtually no metabolism of nicotine in rootless plants, whereas intact plants metabolized 48 % of Tso and Jeffrey (10) ), 2) this metabolism occurs almost exclusively in roots, and 3) there was little or no loss of nicotine from the plants in 1 day through transpiration processes. In a previous study (9) ringlabeledl nicotine was metabolized by intact N. rustica plants to the extent of about 30 % of the administered amlount in 4, 7, and 14 days.
In the case of methionine-methyl-C'4 feeding, the rootless plants were able to incorporate only 0.55 % as nmuch of the isotope into nicotine as could whole plants. This may be interpreted as a more rigorous site specificity for methionine to nicotine transmethylation than for transmethylation from nicotine to other nmethyl acceptors. However, considering that 39 % of the total nicotine methyl metabolisnm takes place in the aerial parts of the plant, the replacement of the lost C14-labeled methyl groups by unlabeled methyl groups mlust be accounted for. Apparently these methyl groups do not come from methionine to any great extent. In N. glu tinosa, a species in which nornicotine is the major alkaloid, Dawson (2) has found that nornicotine is formed only in leaves and at the expense of nicotine translocatedl from roots. Demethylation of nicotine-methyl-C14 to form nornicotine has also been observed in leaves of N. alata, and it was found further that no C14 appeared in isolated methioninie (9) . However, free nornicotine is not found in Al. rustica (or is present in extremely limited amounts), so that it is necessary to postulate that any nornicotine formed in the aerial parts of the plants is either: 1) further metabolized, i.e. by ring cleavage, which is slhown here to be untenable since ring-labeled nicotine is not metabolized by rootless plants, 2) translocated to the plant roots for further mletabolisnm before or after remethylation, wlhich is not possible in the case of rootless plants, 3) lost through transpiration processes (or through the cut stem in rootless plants), which is precluded by recovery of essentially all the C1" of nicotine-ring-C14 administered to rootless plants after 1 (lay of mletabolismii, or 4) remethylated by some mechanism other than transimetlhvlation froml methionine. The appears nmost probable.
last explanation
Summary
The rate of methyl group metabolism in Nicotiana ruiistica L., var. humilis was studied by hydroponically feecling mature plants either methionine-methyl-C'"l or nicotine-methyl-C'4 and isolating nicotine from the plants after 6 hours to 9 clays. In the case of labeledn metlhioniine feeding, a mlajor portion of the Cl'X entering the methyl group of nicotine did so within 2 days. Thereafter the total amount of Cl"I in the nicotine showecl only a slight increase up to 9 clays, the highest value attained being 5.5 % of the radioactivity fecl. \VNhen nicotine-methyl-C'4 was a(dministered, only 38 7 of the isotope remainecl in the nicotine isolatedl after 2 clays. appear to play a role in translocation in species of Oleaceae and Rosaceae respectively (11, 7) . In experiments with young soybean plants, Nelson et al. (4) inferred translocation of sucrose and serine under one set of environmental conditions and malic acid in another environment.
It is our purpose in this paper to report comparable data on several species which have been reported to translocate or may be presumed to translocate raffinose-family oligosaccharides of molecular weight greater than sucrose. This is done in an attempt to enlarge our knowledge of the kinds of naturally occurring molecules which are normally translocated.
Materials and Methods
In all experiments the C140, source was NaXC1403 made from BaC1403 as supplied from Oak Ridge National Laboratory without additional carrier. Specific activity of the BaC1403 used for box elder and white ash was 0.093 mc/mg; for pumpkin and mullein, 0.167 mc/mg. The selected supply leaf was sandwiched between 2 1 5-ml leaf cups which were sealed to the surfaces of the leaf with a mastic known
